Effects of Ca substitution on quasi-acoustic sliding modes in
  Sr$_{14-x}$Ca$_x$Cu$_{24}$O$_{41}$ by Constable, E. et al.
Effects of Ca substitution on quasi-acoustic sliding modes in Sr14−xCaxCu24O41
E. Constable,1, 2, 3, ∗ A. D. Squires,3 J. Horvat,3 R. A. Lewis,3 D. Appadoo,4 R.
Plathe,4 P. Roy,5 J.-B. Brubach,5 S. deBrion,2 A. Pimenov,1 and G. Deng6, †
1Institute of Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
2Institut Néel, CNRS and Université Grenoble Alpes, 38042 Grenoble, France
3Institute for Superconducting and Electronic Materials,
University of Wollongong, Wollongong, NSW 2522, Australia
4Australian Synchrotron, Australian Nuclear Science and Technology Organisation,
800 Blackburn Rd Clayton, VIC 3168, Australia
5Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, BP 48, F-91192 Gif-sur-Yvette Cedex, France
6Australian Centre for Neutron Scattering, Australian Nuclear Science and Technology Organisation,
New Illawarra Rd, Lucas Heights, Sydney, NSW 2234, Australia
(Dated: July 24, 2019)
The low energy lattice dynamics of the quasi-periodic spin-ladder cuprate Sr14−xCaxCu24O41 are
investigated using terahertz frequency synchrotron radiation. A high density of low-lying optical
excitations are present in the 1-3 THz energy range, while at least two highly absorbing excitations
stemming from rigid acoustic oscillations of the incommensurate chain and ladder sublattices, are
observed at sub-terahertz frequencies. The effects of Ca substitution on the sub-terahertz quasi-
acoustic sliding mode gaps is investigated using coherent synchrotron radiation. Analysis of the
results suggest increasing substitution of Sr for Ca is accompanied by a transfer of spectral weight
between sliding modes associated with different chain-ladder dynamics. The observation is consistent
with a transfer of hole charges from the chains to the ladders and modification of the sublattice
dimensions following Ca substitution. The results are discussed in context to the significance of
low-lying vibrational dynamics and electron-phonon coupling in the superconducting state of certain
quasi-periodic systems.
INTRODUCTION
The significance of neighboring orders and their collec-
tive excitations in the thermodynamic landscape of high
temperature superconductors (HTS) is an ongoing ques-
tion within condensed matter physics. The simple no-
tion of whether or not such orders ultimately enhance
or impede superconductivity is examined in numerous
HTS systems [1–3]. Recently, the implication of quasi-
periodic lattice order with its associated low energy vi-
brational modes has also received interest in attempts to
understand examples of strong-coupling superconductiv-
ity [4–9]. In this context, the quasi-periodic spin-ladder
cuprate Sr14Cu24O41 (SCO) presents a unique environ-
ment to explore these ideas. Built from alternating layers
of Sr2 planes, two-leg Cu2O3 ladders and CuO2 chains
(see Fig. 1), SCO forms a quasi-periodic superlattice
due to an incommensurate free arrangement of the chain
and Sr-ladder sublattices along the c direction, with c
= 27.5 Å ' 10cch' 7cld [10], where cch and cld are the
c lattice parameters of the chain and ladder sublattices,
respectively. A nominal valence of Cu2.6+ for each CuO2
site intrinsically dopes the chains with ∼6 hole charge
carries per unit formula [11]. This, in combination with
the quasi-periodic lattice, facilitates a number of exotic
low-dimensional charge and S = 1/2 quantum magnetic
properties including anisotropic non-linear charge trans-
port [12–14], charge density wave (CDW) charge order
[15–18], hole crystallization [19], spin gapped antiferro-
magnetic dimerization [20–24], and long-range quantum
coherence [25].
Substitution of Sr with Ca in compounds of
Sr14−xCaxCu24O41 (SCCO) acts to transfer holes from
the chains to the ladders, providing control over the
unique physics expressed in each sublattice and hence
tunability over the landscape of electronic orders [11, 26–
30]. Perhaps the most significant consequence being the
emergence of superconductivity below 12 K for a Ca con-
centration of x = 13.6 and hydrostatic pressure of 3 GPa
[31]. The occurrence of superconductivity in SCCO is
noted as unique amongst the HTS cuprates because the
lattice maintains its one-dimensional nature at high pres-
sure and lacks the familiar CuO4 square plackets [32]. As
such, the nature of superconductivity in SCCO remains
poorly understood. Remarkably, recent spectroscopic ex-
periments on the order of 1 meV have revealed the pres-
ence of additional acoustic vibrational modes supported
by a rigid sliding oscillation of the incommensurate chain
and ladder sublattices [33, 34]. Theoretically predicted
over 30 years earlier [35, 36], these quasi-acoustic slid-
ing modes invoke similarities to the low-frequency vi-
brational modes of other quasi-periodic superconductors
[5, 6, 8, 9] and therefore warrant further attention.
Spectral studies of low energy dynamics has proven to
be an effective probe of the interplay between the differ-
ent electronic orders in SCCO. However, while consider-
able effort has been made to understand the effects of Ca
substitution on the charge order [11, 26, 37] and spin-gap
[29, 30, 38, 39] properties of SCCO, little attention has
been given to the effects on the quasi-acoustic sliding
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Figure 9.1: Crystal structure of Sr14Cu24O41. (a) Large layered unit cell. (b) Cu2O3
two-leg ladder. (c) CuO2 chain. Graphics generated using VESTA [253] and information
in Appendix B.4.
9.2.1 Crystal structure
A diagram of the layered structure of Sr14Cu24O41 is shown in Figure 9.1. Due to the
free arrangement of two CuO2 chains for each ladder and the periodic stacking, the lattice
parameters a (11.47 A˚) and b (13.41 A˚) remain constant in each layer.
However, with near 180  Cu-O-Cu bonding in the legs of the ladder and 90  Cu-O-Cu
bonding in the links of the chain, the two layers have di↵erent c parameters [336]. With
cld = 3.95 A˚ and cch = 2.75 A˚, the two layers feature an incommensurate (non-integer)
repeating structure containing the Sr2 - Cu2O3 and CuO2 sublattices [337, 338]. Since cld
' p2cch, this gives an e↵ective c = 27.5A˚ ' 10cch' 7cld and leads to the large unit cell.
9.2.2 Electronic properties
Electronically, Sr14Cu24O41 is a ‘self-doped’ system with the nominal Cu valence of +2.25
[41(O) + 14(Sr)]/24(Cu), instead of +2 [328]. The charge carriers consist of roughly 6
holes per unit formulae located on the CuO2 chains [339]. The one-dimensional nature
of the chains facilitate highly anisotropic transport properties, insulating along the a and
b directions and conducting along the c direction [340, 341]. When the temperature is
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FIG. 1. (a) Super-cell structur of Sr14Cu24O41 with a =
11.47 Å, b = 13.41 Å and c = 27.5 Å lattice parameters. (b)
Section of Cu2O3 two-leg ladder sublattice with cld = 3.95 Å.
(c) Section of CuO2 chain sublattice with cch = 2.75 Å.
modes. T address this we ave attempted a spectro-
scopic study on a series of SCCO samples using a com-
bination of synchrotron and laboratory-based terahertz
(THz) a d far-infrared (FIR) techniques. In combina-
t on, t different techniques provid a picture of th low
energy lattice dynamics in relation to changes in tem-
perature and Ca concentrati n. We observe a number of
highly anisotropic optical excitations below 3 THz i clud-
ing strong absorption bands in the sub-THz energy range
of SCCO consistent with previous works [17, 26, 33, 34].
Our r sults show a transfer of spectral weight between
sliding mode excitations associated with slow in-phase
and fast out-of-phase chain-ladd r sliding dyn mics. We
note that it is within the ladders at the super nduct-
ing channels are expected and discuss the implications of
our results in this context.
EXPERIMENTAL DETAILS
Single crystals of SCCO with x = 0, 3, 7 and 11
were grown by the floating zone method and prepared as
wafers cut normal to the b axis. Sample dimensions were
approximately 5×5×1 mm3. Details of the sample char-
acterization can be found in reference [40]. Transmission
measurements of the x = 0 sample in the 0.6–3.6 THz
spectral range from 5.6–300 K were performed at the
Australian Synchrotron far-infrared beamline. Spectra
were collected using a Bruker IFS125HR FTIR Michel-
son interferometer with a 75 µm mylar beam splitter and
4.2 K Si Bolometer detector at 0.5 cm−1 resolution for po-
larized E||c and E||a configurations. A 2.5 mm aperture
copper mount was used as a reference. Complementary
spectra in the same energy range were also collected for
the x = 0 and x = 3 samples using a modified polytec FIR
25 Fourier transform interferometer with mercury lamp
source, interfaced to the low-temperature insert of a He
cooled 7-T Oxford split-coil superconducting magnet. To
test the magnetic activity of observed excitations, exper-
iments were performed at 5 K from 0 to 5 T. However, we
observed no magnetic field effects and therefore only 0 T
measurements are presented here. Transmission spectra
of the x = 0, 3, 7 and 11 samples in the 0.2–1.2 THz (6.7–
40 cm−1) spectral range were performed at the SOLEIL
synchrotron AILES beamline operating with coherent
synchrotron radiation in a low-α configuration providing
a high power, polarized radiation source in the sub-THz
energy range [41, 42]. The samples were mounted to an
Attocube rotation stage thermally coupled to the cold
head of a Cryomech PT 405 pulse tube cryostat, achiev-
ing sample temperatures from 16–300 K. Spectra were
collected using a Bruker IFS125 FTIR Michelson inter-
ferometer with a 125 µmmylar beam splitter and 1.6 K Si
Bolometer detector at 0.5 cm−1 resolution. Experimen-
tal limitations prevented measurement of a conventional
vacuum reference. Therefore, quantitative extraction of
sample attenuation was determined by analyzing the ro-
tationally dependent response while assuming a flat con-
tribution for E||a. Details of this analysis process are
covered in the supplementary material [43].
RESULTS
The general anisotropic and temperature dependent
behavior for the conductivity and lattice dynamics of
SCO in the far-infrared energy range is captured in the
transmission spectra of Fig. 2. As seen in Figs. 2 (a)
and (c), the sample is semi-insulating at low frequency
when the electric field is perpendicular to the chains and
ladders (E||a), transmitting ∼10% below 1 THz at room
temperature. As the temperature is lowered, the sam-
ple transmission increases steadily as a broad absorp-
tion continuum shifts to higher frequencies, stabilizing
at ∼2.75 THz below ∼100 K. This behavior is consistent
with reflectivity measurements indicating a suppressed
optical conductivity due to a shifting plasma response
[37]. It is worth noting that the stabilization of this re-
sponse below 100 K corresponds to the temperature of
spin dimer formation observed in the magnetic suscepti-
bility [21, 22]. It suggests a correlation between charge
transport and magnetic degrees of freedom in the a direc-
tion and marks a crossover from 2D to 1D charge dynam-
ics. On the other hand, when the electric field is parallel
to the chains and ladders (E||c, Figs. 2 (b) and (d)), the
sample is non-transparent at high temperatures due to
the metallic behavior along c. Upon cooling below ∼150
K, the transmission abruptly increases following insulat-
ing behavior as a result of a pinned charge density wave
[18, 26, 44] in the charge ordered phase emerging at Tco
= 200 K [14, 15].
In both polarizations a number of sharp absorption
features are seen, which exhibit abnormally low energy,
high density and fine structure when compared to con-
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FIG. 2. Temperature dependence of SCO transmission between 0.7 and 3.3 THz for E||a (a) and E||c (b) determined by a ratio
with a vacuum reference. Opaque spectra for E||c above 170 K were omitted and are represented by a hatched rectangle. Low
signal intensity due to a beamsplitter minimum results in noise artifacts centered on 1.29 THz and are also omitted. Multi-peak
fits of the spectra at 5.6 K are shown for E||a (c) and E||c (d). Peaks were fit using Gaussian profiles and a background trend
approximated by a 3rd order polynomial. Temperature dependence of fitted peak positions for E||a (e) and E||c (b). (g)
Temperature dependence of fitted peak intensity for selected peaks B, G and Q determined by peak area normalized to the
base temperature (5.6 K) value.
ventional optical phonon modes in other alkaline cuper-
ates [45–48]. Multi-peak fitting and error analysis of the
absorption features (Figs.2 (c) and (d)) was performed
using a Marquardt-Levenberg nonlinear least-squares fit-
ting procedure implemented within the Wave Metrics
Igor Pro software package. Results of the temperature
dependence for fitted peak positions labeled from A-R
are shown in Figs.2 (e) and (f), while the peak inten-
sity of three representative features (B, G, Q) is shown
in Fig.2 (g). Minimal broadening and frequency shifts
are observed as a function of temperature. The peak
intensity profiles reveal three temperature regimes asso-
ciated with the different electronic orders of SCO. In the
high temperature regime (200 - 300 K), the dependence
of peak B shows a general increase in phonon intensity
as the temperature is lowered. We attribute this to the
decreasing optical conductivity that minimizes screening
by mobile charges and enhances the observed phonon in-
tensity. Below ∼200 K, a similar effect is observed along
the c direction following the stabilization of the insulat-
ing charge ordered phase that is accompanied by the ap-
pearance of new modes such as peak G. Below ∼100 K,
SCO is characterized by the stabilization of short range
magnetic spin dimmer order on the chain sublattice. As
observed in similar quasi-one dimensional charge and
spin-dimmer ordered systems such as the (TMTTF)2X
charge-transfer salts, such processes are often accompa-
nied by local charge redistribution that stabilize new vi-
brational modes [49, 50]. The presence of new modes
such as peak Q, and the perceived splitting of peaks I and
H below ∼100 K could be attributed to similar behav-
ior in SCO. Overall, the observed lattice dynamics are
consistent with the highly ordered super-cell structure
of SCO, supporting a large number of under-damped,
weakly dispersive optical lattice modes and demonstrat-
ing a mixing between lattice and electronic order param-
eters over a broad temperature range [34, 37, 51, 52].
We note that the particularly high density of low lying
phonons observed for the c direction are also likely com-
plimented by zone folded modes due to the incommen-
surate chain-ladder relationship and charge order Peierls
distortion that modulates the chain and ladder symme-
tries while maintaining the same overall crystal struc-
ture [32, 53, 54]. The zone folding phenomenon is well
4documented in other low dimensional systems exhibiting
charge ordering [55–58]. In SCO the effect has previously
been noted by the appearance of new phonon-like Raman
modes below Tco, in the vicinity of 6–18THz [51]. In gen-
eral however, due to the large and complex nature of the
SCO lattice, a more precise assignment of individual lat-
tice excitations in Fig. 2 remains a challenge.
Finally, we note that measurements performed under
magnetic field (not shown) revealed no discernible peak
shifts except for a weak signal resulting from Zeeman
splitting of the chain localized spin triplet excitations at
2.33 THz (peak E) and 2.63 THz in the E||a configura-
tion. Details of the spin triplet excitations from chain
and ladder localized Zhang-Rice singlet states have been
covered elsewhere [20, 21, 23, 24] with an analysis of their
optical excitation given in Ref. [59]. A further analysis
of peak fits in the spectral region of Fig. 2 is addressed
in Ref. [60]. More details of the temperature dependence
for the peak fitting parameters are provided in [43].
Apart from the high density of optical phonon modes
beginning at ∼2 THz, a strong absorption band below
∼1 THz also dominates the spectra in the E||c config-
uration (Figs. 2 (b) and (d)). The position, intensity,
and anisotropy of the band suggests that it is related to
gapped acoustic excitations stemming from ridged col-
lective oscillations of the incommensurate chain and lad-
der sublattices. Such sliding modes are theoretically
predicted in low dimensional incommensurate systems
[35, 36] and were first identified in SCO by Thorsmølle et
al. [33]. The strong spectral intensity of these excitations
renders the spectrum completely opaque to conventional
THz transmission techniques and gives a flat reststrahlen
band close to 1 in reflection. These limitations make pre-
cise optical measurement of the sliding mode gap difficult.
In Ref. [33], combined transmission and reflection tech-
niques were used to give values of 0.25 THz and 0.38 THz
for infrared active modes with different relative sliding
motion. Inelastic neutron scattering on SCO single crys-
tals confirms the highly anisotropic acoustic dispersion
of the sliding modes with a gap of 0.46 THz [34]. To-
gether, these studies provide a convincing picture of the
sub-THz excitations in SCO. However, the discrepancy
in the observed gaps and their ∼50% lower frequency
compared to the absorption band beginning at ∼1 THz
in Fig 2 suggests that there are more details to be uncov-
ered. Moreover, a study of the effects of Ca doping on
the properties of the sliding mode excitations is pertinent
in relation to the role of low-frequency lattice modes in
the superconducting state [6]. To address these points we
performed THz transmission measurements on samples of
SCCO with x = 0, 3 ,7 and 11 using coherent synchrotron
radiation. The high flux at low frequency achievable with
coherent synchrotron radiation allows measurement of
strongly absorbing excitations in transmission geometry
without complete attenuation of the signal at the reso-
nant energy. Taking advantage of the one dimensional
anisotropic optical response of the samples at low tem-
perature and the naturally polarized radiation of the low-
α mode coherent synchrotron, spectra were analyzed by
comparing changes in transmitted intensity as the sample
is rotated away from a E||c configuration. Following the
details provided in [43], and assuming a flat, sub-THz
transmittance for E||a of Ta = 0.35 extrapolated from
Fig. 2 for the x = 0 sample, a quantitative measurement
of the attenuation coefficient for E||c is possible. Simi-
lar analysis techniques have been implemented in probing
highly absorbing excitations in other strongly anisotropic
cuprates [61]. The results at 16 K are shown in Fig. 3
in combination with higher frequency measurements ob-
tained by conventional far infrared methods at 5 K. The
data is omitted between 0.6 and 0.77 THz due to noise
artifacts at the beam splitter minimum.
Despite limitations of the rotational measurement
technique and omitted data at the beam splitter mini-
mum, a clear and broad resonant excitation band is ob-
served centered around 0.6 THz for the x = 0 sample
in Fig. 3 (a). We attribute weak fringes on top of the
excitation band to a phase mismatch between the plane
parallel interference fringes for E||c and E||a configura-
tions. A nice agreement with the absorption band edge
at ∼1 THz obtained by conventional FIR methods vali-
dates the quantitative analysis of the CSR data and pro-
vides a broadband picture of the low frequency optical
response along c. We find that the asymmetric sub-THz
absorption band is fit best by two Gaussian profiles with
energies of 0.48±0.01 and 0.88 ± 0.01 THz designated β1
and β2 respectively. Data for the x = 3 Ca substituted
sample are shown in Fig. 3 (b). Here, a combination of
the beam splitter minimum and strong sample absorp-
tion attenuates the signal between 0.62 and 1.14 THz.
Nevertheless, the combined results of the CSR and FIR
techniques come together to show a consistent, quantita-
tive picture of the low-frequency spectrum.
Firstly, we note the absence of the optical phonons
above 1.5 THz that marks a distinction between the low-
frequency optical lattice dynamics in the x = 0 and x =
3 compounds. This may be a result of hardening due to
increased lattice strain pushing the phonons above the
detected spectral bandwidth. It may also mark a sup-
pression of zone folding behavior resulting from a dif-
ferent CDW modulation due to the expected transfer of
holes from the chains to the ladders with increasing Ca
substitution [11]. While the effects of Ca substitution on
the optical lattice dynamics appear dramatic, the effects
on the sliding acoustic dynamics are subtler. As can be
seen in Fig. 3 (b), the CSR data shows a rising absorp-
tion band from 0.2 to 0.6 THz. On the other hand, the
FIR data shows an absorption band edge starting to form
below 1.2 THz and suggests the presence of a resonant
excitation below this frequency. While the attenuated
spectrum between 0.62 and 1.14 THz obscures the com-
plete spectral profile, we find a suitable fit to the available
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with increasing Ca substitution. Peaks in the spectra corre-
spond to resonant excitations in the sample. All displayed
CSR data was measured at 16 K while the FIR data was
measured at 5 K. Quantitative analysis of the CSR data was
performed using the technique outlined in [43] with reference
angle relative to E||c of θ = 12◦, 24◦, 29◦ and 90◦ for the sam-
ples with Ca concentrations of x = 0, 3, 7 and 11 respectively.
The FIR data was analyzed using a conventional vacuum ref-
erence. Insets show approximate trends of the fitted peak
position ((c) insert) and area ((d) insert) as a function of Ca
substitution.
data is given by two Gaussian peak profiles with energies
0.37 ± 0.13 THz and 0.81 ± 0.03 THz as shown in Fig. 3
(b). A resemblance to the sub-THz peaks in the x = 0
sample is evidence that the two peaks in Fig. 3 (b) are
the same gaped sliding modes designated β1 and β2 re-
spectively. While we note that it is difficult to draw solid
conclusions about the evolution of the spectral profile be-
tween the two samples in the absence of an intermediate
measurement between x = 0 and x = 3 Ca concentra-
tions, the analysis suggests there is a transfer of spectral
weight from peak β1 to β2 with increasing Ca substitu-
tion. The dependence of peak position and area on Ca
substitution, including an extrapolated linear trend, is
shown in the insets of Figs. 3 (c) and (d).
Only low-frequency CSR data is available for the x =
7 and 11 samples, shown in Figs. 3 (c) and (d). In these
two cases the sub-THz response is mostly flat. Based on
the available literature [26], it is possible the x= 7 sample
is not completely stabilized in the charge ordered phase at
16 K. The x= 11 sample should be either a poor insulator
or completely metallic at 16 K. Therefore it is likely that
freely mobile charges on the chains and ladders in the
x=7 and 11 samples act to screen resonance excitations
in the E||c configurations. This could then explain the
absence of any resonant signatures of the gaped sliding
modes in this energy range.
We now turn our attention to the temperature depen-
dence of the sliding mode excitations for the x = 0 and x
= 3 samples shown in Fig. 4. As established in the spec-
tra of Fig 2, as well as in the literature [18, 26, 37, 62, 63],
the relationship between the charge and lattice dynam-
ics in SCCO is highly temperature dependent. Moreover,
this dependence shifts for different Ca concentrations and
should be considered when comparing results for differ-
ent samples at a single temperature. As such, we would
like to rule out any effects of temperature on the ob-
served transfer of spectral weight between peaks β1 and
β2 for x = 0 and x = 3 samples in Fig. 3. The results
show negligible shifts in the sliding mode gap for x = 0
as a function of temperature evidenced in both the CSR
(Fig. 3) and synchrotron (Fig 2) spectra. Peak intensity
determined by the fitted peak area for β1 and β2 as a
function of temperature is shown in Fig. 4 (b) normal-
ized to the value at 16 K. The fitting results are compared
with normalized measurements of the average transmis-
sion (Ic) in the 0.1 to 1.2 THz range reflecting the general
change in optical conductivity. A trend line is included
of the form (TCO−T )1/2 with Tco = 200 K, approximat-
ing the charge ordered phase transition at 200 K for x
= 0. Evidently, the excitation intensity closely follows
the charge order temperature dependence. As expected,
the increasing conductivity of the sample at higher tem-
perature will allow more effective screening of the sliding
mode resonance reducing its spectral intensity. A simi-
lar temperature dependence is found for the fitted peaks
of the x = 3 spectra shown in Figs. 4 (c)-(d). Here the
charge order trend is shown using a critical temperature
of Tco = 100 K. Interestingly, we find that while peak β1
generally follows the charge ordering trend, β2 decreases
more rapidly appearing completely suppressed at higher
temperatures. Together, the results provide supporting
evidence for the intrinsic nature of the observed transfer
of spectral weight between β1 and β2 in the measure-
ments of the x = 0 and x = 3 samples at 16 K.
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FIG. 4. Temperature dependent CSR spectra and fitted peak parameters of sliding mode gaps in SCCO for x = 0 (a)-(b) and
x = 3 (c-d). Results above 0.9 THz are combined with the synchrotron spectra in Fig. 2 for x = 0 and with the FIR spectra
at 5 K in Fig. 3 (b) for x = 3. The temperature dependence of broadband transmitted intensity between 0.1 and 1.2 THz for
E||c (Ic) along with a (TCO − T )1/2 trend is plotted in (b) and (d). Tco = 200 K is used for x = 0, while Tco = 100 K is used
for x = 3.
DISCUSSION
We point out that our observations of strongly ab-
sorbing sub-THz excitations in SCCO for x = 0 and
3 are in close agreement with a previous study noting
excitations at similar energies for the two compositions
[17, 26]. These resolution limited results were originally
interpreted as density wave dynamics. However, sub-
sequent optical [33] and neutron scattering [34] experi-
ments have provided a more convincing picture, describ-
ing them as gapped sliding or quasi-acoustic modes. Such
excitations should manifest in low dimensional systems
with incommensurate sublattices such as in SCCO. This
is because the ridged translation of one sublattice rel-
ative to the other leaves the total system energetically
invariant due to their continuous symmetry relation [64].
This effectively introduces additional acoustic modes on
top of the conventional acoustic oscillations of the whole
structure [35]. If the two incommensurate sublattices (a
and b) are oppositely charged, then analogous to elec-
tronic plasmon oscillations, the sliding modes will induce
a net capacitance across the sample acting as a restor-
ing force for the displacement. In a three-dimensional
sample, the resorting electric field is independent of the
distance of charge separation, sensitive only to the charge
per unit area σ, and the residual permitivity of the lat-
tice r = 0∞ (E = σ/0∞). Therefore, even at the long
wavelength limit, a finite energy is required to excite such
quasi-acoustic sliding modes, with the zone center energy
gap given by [36],
ω2 =
naq
2
a
0∞ma
(
1 +
nb
na
ma
mb
)
, (1)
where na,b, qa,b andma,b are the incommensurate a and b
sublattice unit cell density, charge and mass respectively.
In the case of SCCO the CuO2 chains feature a nom-
inal charge of qch = (-2+0.6)e = -1.4e due to the lo-
calization of 6 residual holes over 10 chain units, while
the Sr2Cu2O3 Sr-ladder combination has a net charge of
qld = +2e. We can then estimate the sliding mode en-
ergy gap by considering a residual permitivity of ∞ =
15, consistent with reflectivity measurements available in
the literature [33, 37], unit cell volumes of Vch = 418 Å3,
Vld = 603 Å3[10, 32] and masses of mch = (58+2×16)mp,
mld = (2×76+2×58+3×16)mp, where mp is the proton
mass. Using these parameters with Equation 1 we find a
sliding mode energy of 0.46 THz, both for modes involv-
ing chains sliding relative to static ladders and ladders
sliding relative to static chains (see [43]). The result is
in close agreement to our observation of peak β1 = 0.48
THz. In fact the small difference between the calculated
and observed energies can be accounted for by a slight
modification to the residual permitivity (∞ ≈ 14) within
the uncertainty of typical reflectivity measurements, or
by considering hole delocalization from the chains to the
ladders (giving qch = -1.45e, qld = +2.1e) as could be
expected in a x = 0 SCCO sample with slight impu-
rities [11]. It is also worth noting that the sensitivity
7of the sliding mode excitations to the permitivity and
charge parameters as well as the noted variance in the
hole concentrations of different samples [11] could ex-
plain the small frequency discrepancies between different
observations in the literature [17, 26, 33, 34]. Moreover,
the derivation of Equation 1 assumes the case k  1/L
where k is the probing radiation wave vector and L the
sample length along c. While k > 1/L is valid for a 5 mm
long sample and 1 THz radiation, for shorter samples
and longer wavelengths experiments approach k = 1/L,
meaning sample dimensions may also play a role in the
slightly different energy gaps observed.
Applying the same analysis to peak β2 predicts chain
and ladder sublattice charges on the order of q = 2.6-3.8e,
higher than the expected net valencies of the individual
sublattices. Rather, we expect that this is evidence of a
higher order harmonic in which the two sublattices slide
out of phase relative to each other (see [43]), effectively
increasing the charge separation and hence the strength
of the restoring electric field. Considering Cu2O3 ladders
decoupled from the Sr2 ions, sliding out of phase with the
CuO2 chains and producing a combined charge displace-
ment of q = 3.4e we calculate a sliding mode energy gap of
0.88 THz in close agreement with the observation of β2.
While this interpretation provides one description for a
higher order sliding mode, we must also note that similar
energy gaps are found by considering different scenarios
in which lighter sublattices within the supercell structure
move relative to each other. For example decoupling the
chain motion from most of the ladder sublattice mass
so that they are coupled only to the 180◦ bonded O2
atoms in the ladders also gives an energy equivalent to
β2. Moreover, the possibility that β2 represents a differ-
ent sort of dynamic stemming from the charge ordering
cannot be completely ruled out with the experimental
evidence available.
Nevertheless, with a general understanding of the con-
tributions to the sliding mode gap, we can now consider
the different observations in Figs. 3 and 4. As established
by optical [65] and x-ray [11] techniques, Ca substitution
in SCCO acts to reduce the distance between chain and
ladder layers facilitating the transfer of holes from the
chains to the ladders leaving the total number of holes
roughly unchanged. This will effectively increase the neg-
ative charge on the chains while increasing the positive
charge on the ladders. Moreover, Ca substitution acts
to reduce the chain and ladder unit cell volumes as well
as the Sr2Cu2O3 sublattice mass [10, 32]. Each of these
processes will have the net effect of increasing the energy
gap for all sliding mode types. In contrast, reflectivity
measurements show an increase in the dielectric permi-
tivity following Ca substitution [37] that would facilitate
softening of the sliding modes. As our observations com-
paring x = 0 to x = 3 Ca concentrations in Fig. 3 suggest,
these contrasting effects are mostly balanced ultimately
resulting in a subtle softening of each mode following Ca
substitution. On the other hand, the observed transfer of
spectral weight between the two modes can be interpreted
as an increase in the dipolar moment associated to the
β2 excitation. This effect would be expected following an
increase of charge on each sublattice as a result of hole
transfer between the chains and ladders as well as from
an increase in the relative charge displacement. Since Ca
doping leads to an increase in the lattice parameter cch
but a decrease in cld, we can indeed expect an increase
in the relative charge displacement for a mode where the
chains and ladders are displaced in opposite directions.
This picture is also consistent with the temperature de-
pendent observations in Fig. 4 (c) for the x = 3 sample.
Since charges are more mobile on the ladders than on the
chains [66] one could expect excitations associated with
charge localization on the ladders (β2) to be suppressed
in contrast to chain based modes, as the conductivity on
the ladders increases at a higher rate than on the chains
when subjected to heating.
As a final comment, it is interesting to consider the na-
ture of the sliding lattice dynamics in the context of the
superconducting state observed at Ca concentrations of
approximately 11 < x < 14 under pressures on the order
of ∼3-5 Gpa below ∼14 K [31, 32, 67]. It has recently
been commented that low frequency vibrational excita-
tions in other quasi-periodic systems could be significant
in relation to observations of strong-coupling supercon-
ductivity [4–9]. This is because the electron-phonon cou-
pling is essentially proportional to the inverse of phonon
frequency (λ ∼ Σqω−1q ) [6]. Our observed softening of the
sliding mode gap suggests that such coupling in SCCO
could indeed grow for increasing Ca substitution. While
we note that the superconducting channels in SCCO are
predicted to occur primarily within the ladders [68, 69],
it is interesting to point out that the approximate trend
of the energy and intensity of β1 associated with both
slow chain and ladder oscillations approaches zero in the
11 < x < 14 superconducting range. This trend, accom-
panied by a transfer of spectral weight to the fast oscil-
lations associated to β2, provides a promising indicator
that the sliding mode dynamics of SCCO should per-
haps be considered within models of the superconduct-
ing state. We also note observations in the literature of
CDW softening for increasing Ca substitution in SCCO
[26, 44] which predict a softening to zero energy for Ca
concentrations in the range of x ≈10. Evidently there
is a number of different collective dynamics converging
at the phase boundaries of SCCO that indicate collective
excitations do play a role in the superconducting ther-
modynamic landscape. We anticipate pressure depen-
dent measurements of the sliding mode gap in SCCO to
be a high priority in further understanding their overall
significance.
8CONCLUSION
In conclusion, we have probed the low energy lat-
tice dynamics of the quasi-periodic spin-ladder cuprate
SCCO using synchrotron and laboratory-based THz
spectroscopy. Specific focus on the energy gap of quasi-
acoustic sliding modes reveals two different excitations
we associate with slow in-phase and fast out-of-phase
chain-ladder sliding dynamics. An analysis of the de-
pendence on Ca concentration of these modes shows a
softening of the sliding mode energy gap and a trans-
fer of spectral weight from the slow oscillations to the
fast ones with increasing Ca substitution. The results
are consistent with a transfer of intrinsic holes from the
chain to ladder sublattices. An approximate trend of the
behavior suggests complete suppression of the slower os-
cillations at the phase boundary of the superconducting
phase. The results are discussed in the context of recent
interest into the significance of low frequency excitations
in aperiodic systems exhibiting superconductivity. We
highlight the importance of future experiments aimed at
probing the external pressure dependence of these exotic
excitations.
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FIG. 2. Frequency position for peaks in the E||c configuration from Fig. 2 of the main text
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FIG. 3. Fitted peak amplitude (a-b), area (c-d) and full width at half maximum (FWHM) (e-f) for peaks in Fig. 2 of the
main text. The amplitude and areas are scaled to the base temperature (5.6 K) values of peaks B and G for the E||a and E||c
configurations respectively.
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FIG. 4. Graphical depiction of measurement technique to extract quantitative sample response from rotated spectra in an
anisotropic material.
COHERENT SYNCHROTRON QUANTITATIVE DATA ANALYSIS TECHNIQUE
The measurements using the coherent synchrotron radiation (CSR) source were limited in the ability to obtain a
vacuum reference to extract a quantitative sample transmission response. Therefore we have taken advantage of the
highly anisotropic optical response of the Sr14−xCaxCu24O41 system to extract an approximate absorption response
using a rotationally dependent transmission measurement method. An overview of the method is depicted in Fig 4.
To probe the sample absorption along the c direction radiation polarized parallel to c is directed onto the sample.
The incident radiation is given by I0 = E20(ω). The intensity of the transmitted radiation parallel to c is then
Ic = tct
∗
cE
2
0(ω) where tc is the complex transmittance and t∗c is its complex conjugate. By rotating the polarization
of the radiation relative to the sample at an angle θ, the transmitted intensity now samples a projection on to both
the a and c transmittance properties Iθ = tct∗cE20(ω) cos2(θ) + tat∗aE20(ω) sin
2(θ). Assuming a fixed response for the
transmittance along a as indicated by our own studies and previous works, the transmittance properties for the c
direction can be extracted independently using the following analysis procedure:
After canceling the common terms of the indecent electric field, a ratio between the transmitted intensity for E||c
(Ic ) and that at some angle θ away from E||c (Iθ) is given by:
Ic
Iθ
=
tct
∗
c
tct∗c cos2(θ) + tat∗a sin
2(θ)
, (1)
such that,
Iθ
Ic
− cos2(θ) = tat
∗
a
tct∗c
sin2(θ). (2)
Then the transmission coefficient in the c direction is given by,
tct
∗
c = tat
∗
a sin
2(θ)
[
Iθ
Ic
− cos2(θ)
]−1
, (3)
and the attenuation coefficient defined by the Beer-Lambert law is
α = − ln(tct
∗
c)
d
, (4)
where d is the sample thickness.
The independent steps of this analysis procedure are shown in Fig. 5. We find that this method is resilient to small
errors in the assumed value of Ta. Raw Spectra are shown as the angle of polarization is rotated towards the E||c
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FIG. 5. (a) Raw spectra of Sr14Cu24O41 using CSR source at increasing angles rotated away from a E||c configuration. (b)
Ratio of raw spectra at different angles with a measurement for E||c. (d) Sample absorption (αd) calculated using equation 4.
Agreement between the different angles highlights the validity of the analysis method.
configuration Fig. 5 (a). Artifacts due to the beamsplitter minimum and the radiation profile are located at 0.70 and
0.96 THz and must be omitted from the final data extraction. An excitation band emerges between 0.2-1 THz when
the angle between the relative spectra is increased. A broad absorption is observed as the sample is aligned to the
polarization configuration E||c which is highlight in ratio between the two spectra shown in Fig. 5 (b). One of the
benefits of using the CSR low-α mode radiation is the high flux at sub-THz frequencies which are not completely
absorbed despite the strong excitations in this energy range. The quantitative absorption (αd) calculated using
equations (3) and (4) is shown in Fig. 5 (c). Here we have used a fixed transmission value for Ta of 0.35 extrapolated
from the measurements at higher frequency. We assume an uncertainty of ±0.1 which translates to a small frequency
independent offset. The agreement between the spectra obtained at different angles demonstrates the validity of this
method Weak fringes appear on top of the excitation band likely due to the a phase mismatch between the plane
parallel interference fringes for E||c and E||a
6MODEL DIAGRAM OF PROPOSED SLOW AND FAST SLIDING MODE EXCITATIONS
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FIG. 6. Sketch of proposed lattice dynamics for observed excitations β1 and β2. The “slow” sliding mode (β1) is explained by
the chain (or ladder) sublattice displaced in phase relative to the stationary ladder (or chain) sublattice. The higher order or
“fast” sliding mode (β2) is described by an out of phase displacement of each sublattice relative to each other.
